Small-scale robotics is a burgeoning field consisting of the development of intelligent and mobile machines of dimensions in the micro and nanometer range. Such devices show promise for medicine as potential new instruments in and out of the operating room. Due to their size, microrobots could operate in areas of the body that are difficult to reach using existing tools, including the circulatory, urinary, and central nervous systems. In contrast to existing surgical devices, which are usually operated mechanically from outside the body, magnetic microrobots can be operated wirelessly, allowing for less invasive procedures and less risk for complications.
AN IDEA DERIVED FROM SCIENCE FICTION
The idea of navigating miniature devices through the bloodstream can be attributed to the 1966 science fiction movie Fantastic Voyage. The movie depicts a shrunken submarine manned by a crew of scientists that is injected into a dying man, in an effort to cure a terminal brain ailment. While the movie was prescient in showing the potential for minute therapeutic machines, it failed to represent the very different balance of forces that occur at very small scales. A device operating inside an artery could not propel itself using the propellers of a conventional submarine, since the thrust that would be generated would be far too weak to overcome the large surface-induced for resistance that applies to micro-scale agents. In addition, many of the technologies that are instrumental in larger-scale machines, including energy storage and onboard sensing, have yet to be miniaturized to fit on micro-scale agents, creating the need for novel propulsion and actuation methods.
MICROROBOTS POWERED BY MAGNETIC FIELDS IN THE BODY
The use of slowly-changing magnetic fields has emerged as a favored mechanism for controlling microagents, as these fields can be used to wirelessly generate actuation forces from outside the body and have limited interaction with most living organisms. Kummer et al. [1] introduced the OctoMag, a magnetic manipulation system suited for the locomotion of micro robots for targeted-drug delivery and remote sensing in ophthalmic applications (Fig. 1) . Using this system, vessel puncture experiments were performed in chicken embryos, which closely resemble the blood vessels found in the human retina, and the motility of microrobots inside lapin vitreous humor was investigated [2] . Such devices, which can be inserted and retrieved from the cavity of the eye using a suture-less injection, show promise in delivering therapeutics to precisely targeted locations on the retina, while reducing the invasiveness of conventional tools.
The results of Ullrich et al. [2] further substantiated the need to develop designs suited for the different balance of forces occurring at small scales. Magnetic forces, which "push" a microrobot, scale with the volume of magnetic material, while viscous drag resistance scales with the surface area in contact with the fluid. In an effort to design smaller devices that swim through the bloodstream, the propulsion of bacteria proved to be a source of inspiration. Zhang et al. [3] used a microrobot design inspired by the helical flagellum used by several bacteria to "corkscrew" through fluids, and demonstrated rapid motion of magnetic helical microrobots in rotating magnetic fields, seen in Fig. 2 . The process used to fabricate these helical microrobots was further optimized by Zeeshan et al. [4] , allowing for large populations or swarms to be manufactured in single batches. It is foreseen that due to their extremely small sizes, swarms of these agents could operate in areas of the body that are out of the reach of conventional instruments, including the circulatory, urinary, or central nervous systems. The first demonstration of swarm control was performed by Servant et al. [5] in which a large number of helical microbots were injected and manipulated in the intraperitoneal cavity of a mouse.
Microrobots show potential as miniature tools that could be used to interact with biological tissue inside the human body. Gultepe et al. [6] performed an in-vivo biopsy of the porcine biliary tree using a multitude of thermally self-folding micro-grippers, with sizes ranging from 300 lm to 1.5 mm. The grippers were injected into the biliary orifice through a standard catheter, and retrieved using a catheter with a magnetic tip. Subsequently, Sehyuk et al. [7] performed an ex-vivo porcine stomach biopsy using the same micro-grippers, which were delivered to the stomach using a centimeter-scale untethered magnetic capsule. This work successfully demonstrated the combination of micromanipulation using smart materials, magnetic navigation, and multi-agent collaboration for the accomplishment of a complex task.
The use of biocompatible materials is a requirement for applications that will one day take place inside the human body. To this end, Miyashita et al. [8] proposed an ingestible and degradable origami robot for use inside the stomach. The temperatureactivated materials are not only biocompatible but also biodegradable, with the exception of the enclosed permanent magnet. The robot was embedded in an ice capsule, such that the origami robot could unfold inside the stomach once ingested. The robot could then be magnetically manipulated to a target location inside the stomach. The enzymes contained in the stomach would then degrade the robot structure to facilitate discharge through the gastrointestinal tract.
Applications of microrobots extend beyond surgery (Fig. 3) . However, the manipulation of micro-scale objects such as cells or protein crystals using handheld tools is challenging due to their fragility and small size. The RodBot is a rolling microrobot developed by Tung et al. [9] , allowing for non-contact manipulation of fragile protein crystals in their growth medium, by trapping them in a vortex that is created when the robot is in Figure 1 : Magnetic CoNi microrobot controlled by magnetic field gradient. motion. The potential for high-throughput, fully automated analysis of protein structures and drug-protein interactions could usher in a revolution in crystallography driven drug discovery, which so far has been limited by the requirement that humans physically manipulate the protein crystals.
MEDICAL MAGNETIC MANIPULATION SYSTEMS ARE ON THE MARKET
While the use of magnetically controlled microrobots has thus far been confined to a research setting, magnetically manipulated devices have already found their place within the cardiothoracic operating room. Magnetically guided ablation catheters have been used since the early 2000's for treating cardiac arrhythmias. Magnetic steering of these catheters allows for remote navigation in the heart with a degree of precision that exceeds that of conventional ablation catheters.
Several magnetic manipulation systems have been commercialized for the remote navigation of magnetic ablation catheters. Such systems differ from MRIs in their ability to precisely manipulate the directionality of the generated magnetic fields and, thus, precisely manipulate magnetic catheters. The systems also operate at magnetic field intensities an order of magnitude weaker than MRIs. The Stereotaxis Niobe (Stereotaxis Inc., St. Louis, MO, USA) suite has been widely adopted with more than 150 installations worldwide [11] . A competing magnetic manipulation system, the Aeon Phocus (Aeon Scientific AG, Zurich, Switzerland), is currently undergoing human trials in Switzerland (Fig. 4) . The design of the Aeon Phocus was inspired by the smaller-scale OctoMag MMS, which was developed for animal experiments involving microrobots for ophthalmological applications [2] .
While commercial magnetic manipulation systems would be ideally suited for the task of navigating micro-and nanorobots inside the body, research is also investigated the possibility of using MRIs for that purpose. Martel et al. [12] demonstrated simultaneous in-vivo tracking and motion control of a 1.5mm diameter magnetic bead in the carotid artery of a swine using a clinically available MRI. Simultaneous tracking and control was achieved by alternating between both sequences. Further improvements by Felfoul et al. allowed for simultaneous imaging and propulsion, and faster targeted delivery of therapeutics [13] .
CONCLUSION
Despite a number of successful in vivo animal trials, micro and nanorobots still have a ways to go before they reach the capabilities of the machines that can be seen in Fantastic Voyage. Nevertheless, many of the fundamental challenges of operating devices on such small scales inside the body, including a very different set of physical forces, carrying microrobots to a precise location in the body, and biocompatibility, have all been addressed. In the future, microrobots show promise as very useful tools, further increasing the accessibility of the inner body to medical practitioners while reducing the invasiveness of current procedures. The idea of controlling magnetic agents inside the body is not confined to science fiction or even research, as magnetically guided catheters can already be found in operating theaters, and have been used to treat thousands of cases of cardiac arrhythmias worldwide.
